A flow injection analysis method for spectrophotometric determination of ammonium in waters produced during underground coal gasification (UCG) of lignite and hard coal was described. The analysis of UCG water samples is very difficult because of their very complicated matrix and colour. Due to a huge content of organic and inorganic substances and intensive colour of samples (sometimes yellow, quite often dark brown or even black), most analytical methods are not suitable for practical application. Flow injection analysis (FIA) is based on diffusion of ammonia through a hydrophobic gas permeable membrane from an alkaline solution stream into an acid-base indicator solution stream. Diffused ammonia causes a colour change of indicator solution, and ammonia is subsequently quantified spectrophotometrically at 590 nm wavelength. The reliability of the results provided by applied method was evaluated by checking validation parameters like accuracy and precision. Accuracy was evaluated by recovery studies using multiple standard addition method. Precision as repeatability was expressed as a coefficient of variation (CV).
Introduction
The gasification of solid fuels is relatively well known and applied for several decades. Nowadays the coal gasification process is used to obtain synthesis gas for chemical industry and for production of a liquid motor fuel and a substitute natural gas. The possibility of combine coal gasification with electricity generation has recently caused considerable interest [1] . Gasification is a chemical process by which carbonaceous materials like coal or petroleum coke are converted at elevated temperature to a synthesis gas by means of partial oxidation with appropriate gasification agent (e.g. air, oxygen, steam or their mixture). The composition of gas discharged to the surface depends on the process technology, but always main products are carbon oxide and hydrogen [2, 3] . Technology of coal gasification offers many environmental benefits [4] , but there might also appear a risk of groundwater contamination with UCG (underground coal gasification) by-products [5] . The process and post-process waters which are the result of condensed steam, contain a wide range of organic and inorganic environmental hazardous substances. The characteristics of some physicochemical parameters of exemplary samples of post-UCG waters are presented in literature [2] . Samples of water produced during underground coal gasification of hard coal and lignite have a specific and a very difficult matrix and most analytical methods are not suitable for practical application.
Determination of ammonium by flow injection analysis with gaseous diffusion (FIA-GD) and spectrophotometric detection allows avoid matrix problems, therefore it became very popular among different FIA methods [6, 7] . However, many other flow systems for determination of ammonium with different kinds of detection [8] [9] [10] [11] [12] or flow systems coupled with other methods are also presented in literature [13, 14] . FIA-GD is a technique based on injection of a liquid sample volume into a moving non-segmented carrier stream. The injected sample forms a zone that disperses on its further way of analysis and then merges with alkaline solution stream (reagent 1). At the time all dissolved ammonium is converted into gaseous ammonium and then it is transferred throughout hydrophobic gas permeable membrane to acid-based indicator stream (reagent 2). The diffused ammonia changes the pH value of reagent 2 and, consequently, changes its colour, which is constantly monitored by spectrophotometer [6, 7] . The coupling of flow injection technique and gaseous diffusion technique (FIA-GD) is proposed for reliable and selective determination of gaseous compounds, especially ammonium, even in coloured aqueous samples with complex and difficult matrix.
In this paper ammonium was determined by gas-diffusion flow injection analysis. The aim of this work was to verify the applicability of FIA-GD method for determination of ammonium in heavily contaminated water samples from UCG process.
Experimental Apparatus
A commercial flow injection system (FIAmodula, MLE-Medizin-und Labortechnik Engineering, Germany) was employed in this work. The FIA system was composed of the following elements: analysis module (FIAmodula), auto sampler (FIAsampler) and control software (FIAcontrol). The analysis module was composed of one peristaltic pump, 0.8 mm connecting tubes, injection valve with 400 mm 3 sample loop, gaseous diffusion unit and spectrophotometric detector with pluggable 590 nm interference filter. The flow diagram is showed in Figure 1 .
Reagent solutions and carrier solution
All reagent solutions were prepared using analytical grade quality reagents and deionised water (electrolytic conductivity less than 0.1 µS/cm), degassed with helium before use. Carrier solution was deionised water. Dry indicator mixture was composed of bromocresol purple (Avantor Performance Materials), bromothymol blue (Avantor Performance Materials), cresol red (Avantor Performance Materials) and potassium chloride (Merck) in the weight ratio 4 3 with deionised water to make working indicator solution used as reagent 2 (R2 in Fig. 1 ). Before analysis, working indicator solution was stabilized in a dark place for a minimum two hours and then its absorbance was adjusted to the appropriate value falling within the range (0.50-0.55) a.u. (absorbation units) at 590 nm wavelength, by dropwise addition of NaOH or HCl (Avantor Performance Materials) diluted solution. Reagent 1 (R1 in Fig. 1 ) was prepared by dissolving 15.4 g EDTA (Avantor Performance Materials) and 6.4 g boric acid (Avantor Performance Materials) in 250 cm 3 1 mol/dm 3 NaOH and thereafter making up to volume 500 cm 3 with deionised water. All solutions were degassed prior to use by filtration (0.45 µm membrane filters, Merck-Millipore) under reduced pressure.
Standard solutions
A stock standard solution with certified content of 1000 mg/dm 3 NH 4 + (AccuStandard) was used to prepare working standard solutions for calibration. The other ammonium stock standard solution (used in the standard addition studies) was prepared by dissolving 2.9650 g ammonium chloride (Merck) (dried to constant mass at 105ºC) in 1000 cm 3 deionised water. Working standard solutions were prepared immediately prior to analysis by dilution of appropriate stock solutions with deionised water.
Samples
Several water samples from underground coal gasification processes were under test.
Five samples among thirty three tested samples were selected to study recovery by multiple standard addition method. Four samples (A, B, C and D) were carried out in the course of the UCG experimental simulations performed in the surface reactor (ex situ). Additionally, one more sample (E) was carried out in the experimental mine in real underground condition (in situ). What is more, five series of samples were under precision test (F, G, H, I and J). These samples were collected during UCG different processes at regular time intervals of 12 or 24 hours. Information about time of collecting samples, kind and origin of raw coals that were subject to UCG process and selected physicochemical parameters of UCG process waters are characterized in Table 1 .
In order to remove coal tars and other undissolved residues, all samples were filtered under reduced pressure through 0.45 µm membrane filter (Merck-Millipore). After filtration, each sample was preserved by acidification by concentrated sulphuric acid (Merck) to reduce pH value below 2. Samples were stored at 4 o C until analysed.
Procedure
A water sample with ammonium content is aspirated by autosampler (pump from a glass cup into the 400 mm 3 -volume sample loop). That well-defined portion of sample solution is injected into a continuous carrier stream of water and then it is mixed in reaction coil with continuous stream of reagent 1. All dissolved ammonium ions are converted to gaseous ammonia due to strong alkaline pH value of reagent 1. Generated ammonia is transferred through hydrophobic gas permeable membrane to a stream of reagent 2 that contains pH indicator, while residual of the sample is directed to the waste reservoir. In this way ammonia is transferred to a new matrix (matrix of reagent 2 solution), what significantly diminishes all negative effects of a primary matrix. The indicator solution colour change takes place quantitatively and it is constantly monitored by spectrophotometer. The absorbance of a final solution is measured in a 10 mm glass cell, at 590 nm wavelength. After detection the solution is directed to the waste reservoir. The analysis of single sample injection takes about two and a half minutes.
Interferences
Determination of ammonium by flow injection analysis with gaseous diffusion can be affected by volatile amines, too low pH value or high buffer capacity of the sample, high concentration of salts (more than 10 g/dm 3 ) and high concentration of metal ions like Cu . Negative effects mentioned above can be eliminated by sample dilution, and pH value correction of the sample (by dropwise addition of sodium hydroxide solution). EDTA present in reagent 1 prevents precipitation of metal hydroxides in alkaline conditions during analysis [15] .
Results and discussion
In this work ammonium in water samples from UCG processes was determined by gas-diffusion flow injection analysis and the reliability of the results provided by the applied method was evaluated by checking precision and accuracy. Before each analysis the calibration was carried out. The six-point calibration curve within the range of 0.02-1.0 mg NH 4 + /dm 3 was calculated basing on the quadratic equation. Each calibration point was measured three times.
Time storage of preserved samples
Studies were conducted how the passage of time affects the concentration of ammonium in samples preserved with H 2 SO 4 (to pH value below 2). Water samples from different UCG processes were under test. The stability of ammonium concentration in preserved samples was not constant, varied from 1 to 14 days. There were no increasing or decreasing trends of analyte concentration in preserved samples, so in this work each sample was treated as unstable and analysed immediately after collection. 
Accuracy
Due to lack of a certified reference material with matrix similar to water samples from UCG process, accuracy was determined in terms of recovery using multiple standard addition method. Before preparing spiked samples the concentration of ammonium in each raw sample was determined (c 0 ). Afterwards, the sample with known addition of ammonium standard solution was analysed. Studies of multiple standard addition were carried out at five increasing concentration levels for each sample and each sample with standard addition was measured three times. All of the samples were examined after appropriate dilution with deionised water depending on high ammonium concentration. The recovery studies were carried out and the percentage standard recovery was calculated. The results are presented in Table 2 . Additionally, the relationships between c Found` (where c Found` was a concentration of ammonium in spiked sample corrected of c 0 determined in diluted sample) and corresponding concentrations of ammonium standard addition are shown in Table 3 . The exemplary graphical relationships are presented for sample A in Figure 2 . What is more, the Cochran's test was applied to verify whether the concentration level affects the variability of the results. The values of Cochran test parameter (C exp ) amounted 0.333; 0.619; 0.428; 0.484 and 0.488 for samples A, B,C, D and E respectively. C exp was lower than C tab = 0.707 (α = 0.05; p = 5; n = 3) in each case. 
Precision
In this work the precision was studied as interlaboratory repeatability and expressed as the percentage coefficients of variation (CV). Each water sample from UCG was diluted with deionised water to three or two different levels (samples A-E; series of samples F-J, respectively) and after that ammonium was determined in all samples. The CV was evaluated for each sample basing on two or three obtained results (n). The results are shown in Table 4 . 
Conclusions
Determination of ammonium in waters produced during underground gasification of hard coal or lignite by flow injection analysis with gas-diffusion and with spectrophotometric detection was presented. Evaluated accuracy of method was satisfying.
The recovery values varied in the range from 86 to 109%. Standard addition graphs were linear in all cases (coefficient of determination R 2 was not lower than 0.998 for each sample), the slope of regression was close to one and the intercept was close to zero. The values of Cochran test parameter (C exp ) were lower than (C tab ) in all cases that indicated variance equality between all five concentration level groups. Moreover, presented results showed good precision of the FIA-GD method. Precision as interlaboratory repeatability was expressed as the percentage coefficients of variation (CV) obtained for each sample.
Obtained CV values ranged from 0.7% (n = 2) to 9.5% (n = 2). All water samples from UCG processes contained high concentrations of ammonium (from 5.13 up to 1930 mg/dm 3 ). The determination of ammonium is very important from the environmental point of view, because of its toxicity to fish and other aquatic organisms. Ammonia has an adverse effect on the oxygen balance in the aquatic environment and it is classified as a substance which have a deleterious effect on the aquatic environment according to List II of Directive 2006/11/EC of the European Parliament and of the Council of 15 February, 2006 [16] . In Poland Regulation of the Minister of the Environment of 18th November 2014 [17] permits limit value for ammonium nitrogen (N-NH 4 + ) in industrial wastewaters discharged into the ground or surface water as 10 mg/dm 3 . Almost 94% of obtained results significantly exceed limit value. In most cases, ammonium nitrogen consists in 80% of total nitrogen. Presented results clearly demonstrate usefulness of FIA-GD method for routine determination of ammonium in water samples from UCG process, even in samples with high concentration of organic and inorganic compounds (e.g. 1500 mg/dm 3 of phenols, 4400 mg/dm 3 dissolved organic carbon and 5000 mg/dm 3 of sulphate). Further, short time of analysis (150 s), low reagent consumption, small sample volume, possibility of elimination of the matrix effect, good repeatability are the undoubted advantage of the proposed method. The advantages mentioned above allow the flow injection analysis monitoring of ammonium in samples with very difficult matrix, like post-process waters from underground coal gasification.
